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It is now clear that redistribution of Na ϩ transporters between the plasma membrane and intracellular membranes is a homeostatic mechanism to regulate Na ϩ reabsorption. We recently showed (37) that the ratio of DCT NCC present at the apical membrane versus intracellular pools decreases during HS diet. Trafficking of cortical collecting duct (CCD) ENaC ␤-and ␥-subunits, TAL NKCC2, and PT NKA has also been reported (13, 25, 36) . We have also observed trafficking within domains of the PT brush border: NHE3 retracts from the top to the base of the PT microvilli (MV) during acute hypertension (47) or inhibition of the renin-angiotensin system (24) . There is recent evidence that phosphorylation of Na ϩ transporters (or associated proteins) may alter Na ϩ transport by changing distribution. The phosphorylation status of NHE3 is associated with a change in its subcellular distribution (20) . Phosphorylation of Na ϩ /H ϩ exchanger regulatory factor (NHERF)-1, a Na ϩ -P i cotransporter type 2 (NaPi-2) regulator, provokes NaPi-2 endocytosis (44). Phosphorylation of NKCC2 and NCC are associated with change in their activity and/or subcellular distribution (13, 49) .
Regarding mechanisms to connect the salt diet to the natriuresis, there is a growing body of evidence suggesting that ANG II type 2 receptors (AT 2 R), very abundant in proximal and distal tubules (30) , participate in ECFV homeostasis by antagonizing AT 1 R-mediated pressor effects of ANG II (5) and that ANG III may be the preferred AT 2 R ligand (35) . Amino-peptidase N (APN), highly expressed in PT apical membrane, degrades ANG III to ANG IV and, by thus regulating substrate for AT 2 R, may also contribute to salt homeostasis (21) .
The focus of this study was to test the hypothesis that changes in abundance or distribution of the other renal Na ϩ transporters is altered by HS diet in a fashion that would facilitate natriuresis. We aimed to determine 1) the effects of HS on subcellular distribution and abundance of Na ϩ transporters and associated proteins along the nephron, 2) whether phosphorylation of PT NHE3 or TAL NKCC2 is altered during HS, 3) the time course of response to HS, and 4) the effects of HS diet on distribution and abundance of renal AT 2 R and APN. The results demonstrate that 3-wk HS provokes an increase in NHE3 phosphorylation and retraction of PT NHE3 and the molecular motor myosin VI to the base of the MV, along with the shift of cortical dipeptidyl peptidase IV (DPPIV), NaPi-2, NKCC2, NCC, ENaC-␤, NKA ␣ 1 -and ␤ 1 -subunits, AT 2 R, and APN from low-density membranes to higher-density membranes. The responses to HS were complete after just overnight feeding. These results suggest that homeostatic mechanisms to regulate Na ϩ reabsorption in high salt intake include changing the abundance as well as the distribution of the Na ϩ transporters and their regulators.
METHODS

Animal protocols.
All animal experiments were approved by the University of Southern California Keck School of Medicine Institutional Animal Care and Use Committee and were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Experiments were performed on 6-wk-old male Sprague-Dawley rats (Harlan, San Diego, CA) fed normal 0.4% NaCl (NS) diet for 3 wk and then switched to a high-salt 4% NaCl (HS) diet or maintained on NS for either an additional 3 wk or overnight (n ϭ 7 or 8 each). Animals had free access to water in all protocols. At the end of each protocol, urine was collected for 5 h in a metabolic cage. Serum was collected via tail vein cannulation under anesthesia with an intramuscular injection of ketamine (Fort Dodge Laboratories, Overland Park, KS) and xylazine [1:1 (vol/vol), Miles, Shawnee Mission, KS]. Urinary and serum Na ϩ and K ϩ were measured with a flame photometer (Radiometer FLM3, Copenhagen, Denmark).
Homogenization and subcellular fractionation. As described in detail previously (47) , kidneys of the anesthetized rats were cooled in situ by flushing with cold PBS and then excised. The renal cortex was dissected, homogenized in isolation buffer (5% sorbitol, 0.5 mM disodium EDTA, 0.2 mM phenylmethylsulfonyl fluoride, 9 g/ml aprotinin, and 5 mM histidine-imidazole buffer, pH 7.5), and centrifuged at 2,000 g for 10 min twice to remove debris. The low-speed supernatants were pooled (S o), loaded between two hyperbolic sorbitol gradients, and centrifuged at 100,000 g for 5 h. Twelve fractions were collected, pelleted, resuspended in 1 ml of isolation buffer, and stored at Ϫ80°C pending assays. Five or six animals per group were analyzed.
Immunoblot analysis and antibodies. The density distribution pattern of Na ϩ transporters and associated proteins was determined by assaying 10 l of each fraction denatured in SDS-PAGE sample buffer for 30 min at 37°C, resolved on a 7.5% SDS polyacrylamide gels (23) , and then transferred to polyvinylidene difluoride membranes (Millipore Immobilon-P). The density distribution pattern of a protein is expressed as the percentage of the total signal in each fraction, where the sum total signal in 12 fractions ϭ 100%; thus the density pattern is independent of the total amount of protein loaded on the gradient. In a subset of analyses, specifically AT 2R and APN and phosphorylated forms of NHE3 and NKCC2, we examined distribution and abundance regulation together by normalizing the density pattern to the amount of protein loaded on the gradient. To combine the arbitrary density values for statistical analyses, we normalized them to fraction 6 of NS within each pair.
To assess total pool size of transporters or associated proteins, a constant amount of the S o protein from each cortex or medulla was analyzed. In all immunoblot assays, one-half the protein was also assayed in parallel to verify linearity of the detection system. Where distinct multiple bands were detected, the bands were analyzed both separately and together. Membrane blots were probed with the following antibodies: polyclonal NHE3-C00 anti-NHE3 Confocal microscopy. As described previously (47) , left kidneys from rats on 3-wk NS or HS diets (n ϭ 3 each) were fixed in situ by bathing in PLP fixative (2% paraformaldehyde, 75 mM lysine, and 10 mM Na-periodate, pH 7.4) for 20 min and then postfixed in PLP for another 2-3 h. The fixed tissue was cryoprotected by incubation overnight in 30% sucrose in PBS, embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA), and frozen in liquid nitrogen. Cryosections (5 m) were cut and transferred to Fisher Superfrost Plus-charged glass slides and air dried. Sections were rehydrated in PBS and washed 10 min in 50 mM NH4Cl in PBS and then with 1% SDS in PBS for 4 min (4). For detection of NHE3, DPPIV, NaPi-2, and NHERF-1 dual labeling was performed by incubating with monoclonal anti-villin at 1:100 dilution (Immunotech, Chicago, IL) and anti-NHE3 at 1:100, anti-DPPIV at 1:100, anti-NHERF-1 at 1:100, or anti-NaPi-2 at 1:50 for 1.5 h. The sections were then incubated with a mixture of FITC-conjugated goat anti-rabbit (Cappel Research Products, Durham, NC) and Alexa 568-conjugated goat anti-mouse (Molecular Probes) secondary antibodies diluted at 1:100 for 1 h and mounted in Prolong Antifade (Molecular Probes). Slides were viewed with a Nikon PCM Quantitative Measuring High-Performance Confocal System equipped with filters for both FITC and TRITC fluorescence attached to a Nikon TE300 Quantum upright microscope. Images were acquired with Simple PCI C-Imaging Hardware and Quantitative Measuring Software.
For AT2 receptor localization, kidneys from rats fed HS or NS diet for 48 h (n ϭ 2 each) were excised and renal cortex was fixed and processed as above. One section of each treatment group was analyzed on the same object glass, side by side, to ensure comparable antibody treatment. Sections were labeled with a polyclonal anti-AT2 receptor antibody at 1:50 for 1.5 h and then FITC-conjugated goat-anti-rabbit secondary antibody at 1:100 for 1 h. Slides were viewed with a Zeiss LSM 510 microscope with differential interference contrast (DIC) overlay.
For myosin VI localization, kidneys from five animals fed with 3-wk HS or NS diet were excised and tissue blocks were trimmed from the cortex and fixed in 4% paraformaldehyde solution containing 0.1 M sodium cacodylate, pH 7.4 for 3 h. The tissue blocks were dehydrated in a series of graded ethanol and in xylene overnight, infiltrated, and embedded in paraffin. For immunofluorescence and confocal laser scanning microscopy 2-m sections were cut on a rotary microtome (Leica Microsystems, Herlev, Denmark), and one section of each kind of tissue was collected on the same object glass, side by side, to ensure comparable treatments. Sections were then deparaffinized, rehydrated, and treated for antigen retrieval by boiling in 10 mM Tris (pH 9) supplemented with 0.5 mM EGTA. To block free aldehyde groups, the sections were incubated with 50 mM NH 4Cl, and to block unspecific binding sites they were treated with PBS supplemented with 1% BSA, 0.2% gelatin, and 0.05% saponin. The sections were incubated for 60 min at room temperature with rabbit anti-myosin-VI IgG (Proteus BioSciences) diluted 1:50 in blocking medium. After being rinsed with the antibody diluent the sections were incubated for 60 min with Alexa Fluor 488-conjugated goat anti-rabbit IgG (Molecular Probes) diluted 1:300, rinsed, and mounted with DAKO fluorescence mounting medium (DAKO Danmark, Glostrup, Denmark). The sections were analyzed and recorded with a Leica DMIRE2 confocal laser scanning microscope (Leica Microsystems, Heidelberg, Germany) with an HCX Pl Apo ϫ63 objective (numerical aperture 1.32). Some immunofluorescence images were merged with the Nomarski DIC images to reveal the distribution of the fluorophore as related to the tissue structure.
Quantitation and statistical analysis. Data are expressed as means Ϯ SD. Differences were regarded as significant at P Ͻ 0.05. In density gradient assays, two-way ANOVA was applied to determine whether there was a significant effect of treatment on the overall pattern. After significance was established, the location of the difference in the pattern was assessed by two-tailed Student's t-test assuming equal variance. Difference in total abundance of various Na ϩ transporters and accessory proteins was assessed by unpaired twotailed Student's t-test.
RESULTS
Effect of dietary salt on physiological indexes.
Six-week-old Sprague-Dawley rats were fed NS diet for 3 wk and then either maintained on NS or switched to HS diet for 3 wk or for overnight. As summarized in Table 1 , plasma Na ϩ and K ϩ concentrations were not affected by changes in dietary NaCl. HS diet, whether 3 wk or overnight, increased urinary Na ϩ excretion ϳ10-fold and urine output 3-fold. Because the overnight HS-fed rats were 3 wk younger than the animals fed for another 3 wk, their body weights were lower. Our lab previously reported (37) that 3-wk 4% NaCl diet decreased plasma aldosterone to an undetectable level.
Effect of 3-wk HS on abundance of Na ϩ transporters in cortex and medulla. To address whether the total pool size of the Na ϩ transporters was altered during 3-wk HS, S o samples (containing both soluble and membrane proteins) were assayed by immunoblot (Fig. 1 ). Three-week HS diet decreased abundance of cortical NCC by 37%, as we previously reported (37) (NS 1.00 Ϯ 0.25, HS 0.63 Ϯ 0.14) without changing abundance of NHE3, NaPi-2, NKCC2, or NKA subunits. ENaC subunits were not assayed in this set.
Effect of 3-wk HS on subcellular distribution and phosphorylation of PT NHE3.
To establish the precise subcellular distribution of NHE3, double labeling with antibodies to NHE3 versus the microvillar actin-bundling protein villin was performed on cryosections of kidneys and analyzed by confocal microscopy ( Fig. 2) . NHE3 was found throughout the apical brush-border MV in rats on NS, evident by colocalization with villin (yellow). After 3-wk HS, NHE3 (green) was retracted out of the MV, revealing only villin staining in the MV (red). This response is analogous to the rapid NHE3 redistribution response to an acute hypertension in which we have shown (by immunoelectron microscopy) that NHE3 is concentrated at the base of the MV (47), i.e., not internalized.
Density gradient fractionation was used to quantify the redistribution of NHE3 in NS versus 3-wk HS. Previous membrane marker assays demonstrated that fractions 3-5 are enriched in both apical and basolateral plasma membranes, fractions 6 -8 also contain apical membrane markers as well as markers of the renal intermicrovillar cleft region, and fractions 9 -11 are enriched in endosomal and lysosomal markers (45) . A constant volume of each fraction was analyzed by immuno- 
, and medullary Na ϩ -K ϩ -ATPase (NKA) ␤1-subunit; 15 g for dipeptidyl peptidase IV (DPPIV); 32 g for Na ϩ -Cl Ϫ cotransporter (NCC) and cortical NKA ␤1; 1 g for cortical NKA ␣1-subunit; 72 g for medullary NHE3; 0.25 g for medullary NKA ␣1. Apparent molecular mass is indicated on right. Proteins were detected and quantified with the Odyssey Infrared Imaging System (Li-COR). *P Ͻ 0.05 vs. NS, assessed by paired Student's t-test. blot in order to ascertain the overall density distribution pattern (Fig. 3A) . The pattern was assessed by ANOVA and, only if shown to be significantly altered by dietary salt, individual fractions were compared for statistical difference. Three-week HS provoked a significant redistribution of NHE3 out of apical membrane-enriched low-density fractions to higher-density membranes. Specifically, ϳ40% of the total NHE3 is located in fractions 1-5 in NS-fed rats, and after HS feeding this falls to 15% along with an increase in NHE3 in higher-density fractions. These findings demonstrate that the redistribution of NHE3 to higher-density membranes corresponds to the retraction of NHE3 out of the body of the apical MV to the base of the MV observed by confocal microscopy (Fig. 2) .
To examine whether HS diet alters phosphorylation state of NHE3 we used phosphospecific antibodies generated to NHE3 phosphorylated at serine 552 and at serine 605 (19) . We could not detect a reproducible signal above background with the anti-PS-605 antibody, so we did not pursue that site of regulation further. As shown in Fig. 3C , HS induced an increase in the abundance of NHE3 phosphorylated at serine 552 (NHE3-PS552) in fractions 6 -7 relative to that in NS-fed rats. These fractions are enriched in megalin (Fig. 4C) , a marker for the intermicrovillar cleft region. There was no increase in fractions 4 -5, which are enriched in villi (45) , indicating that HS diet induces an increase in NHE3-PS552 at the base of MV coincident with the redistribution of total NHE3 from the body to the base of MV (Fig. 2, Fig. 3, A and B) .
Effect of 3-wk HS on subcellular distribution of PT DPPIV, myosin VI, NaPi-2, and NHERF-1. Our group previously demonstrated that DPPIV, a known NHE3 regulator (14) , shifted to higher densities during hypertension (27) and angiotensin-converting enzyme (ACE) inhibition (24) . We also demonstrated (48) that myosin VI, an unconventional actin-based molecular motor, redistributes with NHE3 to the base of the apical MV during hypertension and ACE inhibition, suggesting that this motor could drive NHE3 retraction. We have compared NHE3 and NaPi-2 redistribution during hypertension or parathyroid hormone (PTH) or ACE inhibitor (ACEI) treatment and found that NaPi-2 redistributes to fractions 6 -11 and, by confocal analysis, accumulates in subapical endosomes/ lysosomes (46, 47) . These findings prompted us to investigate whether the distribution or abundance of these proteins is similarly altered by HS diet.
We did not observe any significant change in total abundance of NaPi-2, DPPIV, myosin VI, or NHERF-1 during HS (Fig. 1) . Density distribution analysis revealed that 3-wk HS provoked a significant 17% shift of the total DPPIV out of fractions 1-5 into higher-density fractions (Fig. 4A) . By confocal microscopy DPPIV did not completely leave the MV (Fig. 5A) , suggesting that the redistribution of this very abundant protein was only partial. There was also a shift in myosin VI distribution with HS ( Fig. 4B) : ϳ27% of the total myosin VI is located in fractions 1-5 in NS-fed rats versus only 14% after HS feeding. The redistribution of myosin VI was also carefully investigated by confocal microscopy analysis (Fig. 6) . In NS-fed rats, myosin VI is distributed over the whole MV (Fig.  6, A-D) , while in HS-fed animals myosin VI is moved to the base of the MV (Fig. 6, E-H) . This response is analogous to the Fig. 3 . Density distribution of total NHE3 (A and B) and abundance of phosphorylated NHE3 (NHE3-P; C and D) in rats on 3-wk 0.4% NaCl (n ϭ 5) or 4% NaCl (n ϭ 5). In A, NHE3 immunoreactivity is expressed as % of the total signal in all 12 fractions. In C, arbitrary density values were normalized to the amount of protein loaded on the gradient and then normalized to fraction 6 of NS within each pair for statistical analyses. Typical immunoblots of total NHE3 (B) and NHE3-P at serine 552 (D) from a constant sample volume from each gradient fraction are shown. Values are means Ϯ SD. *P Ͻ 0.05 vs. NS, assessed by ANOVA followed by paired Student's t-test. Fig. 2 . Indirect immunofluorescence microscopy of NHE3 distribution in the proximal tubules of rats on 3-wk 0.4% NaCl (NS) or 4% NaCl (HS). The kidneys were fixed as described in METHODS. The antibody against NHE3 was polyclonal and detected with FITC-conjugated goat antirabbit secondary antibody, whereas the antibody against villin was monoclonal and detected with Alexa 568-conjugated goat anti-mouse secondary antibody. Surface sections were double-labeled against NHE3 (green) and villin (red). In rats fed 4% NaCl for 3 wk, NHE3 is retracted from the body of the microvilli to the base (green), revealing the villin staining in red. n ϭ 3/group. Bar, 10 m.
redistribution previously observed during hypertension, which we quantified by immunoelectron microscopy (48) .
HS provoked a 13% shift of the brush-border sodiumphosphate transporter NaPi-2 out of fractions 1-5 to higherdensity membranes (Fig. 4D) . Confocal analysis did not provide evidence for a loss of NaPi-2 from the MV or accumulation in subapical endosomes (Fig. 5B) , as we previously observed after PTH or ACE inhibition or during hypertension, 5 . Indirect immunofluorescence microscopy of DPPIV (A), NaPi-2 (B), and NHERF-1 (C) distribution in the proximal tubules of rats on 3-wk 0.4% NaCl (NS) or 4% NaCl (HS). The kidneys were fixed as described in METH-ODS. The antibodies against DPPIV, NaPi-2, and NHERF-1 were polyclonal and detected with FITC-conjugated goat anti-rabbit secondary antibody, whereas the antibody against villin was monoclonal and detected with Alexa 568-conjugated goat anti-mouse secondary antibody. A: surface sections were double-labeled against DPPIV (green) and villin (red). B: sections were doublelabeled against NaPi-2 (green) and villin (red). C: sections were double-labeled against NHERF-1 (green) and villin (red). Bar, 10 m.
indicating that the response to HS diet is distinct from that to these regulators and also that the effect is far smaller in magnitude. The localization of the NaPi-2 regulator protein NHERF-1 was not changed by HS diet (Fig. 5C ), providing evidence that HS induces a physical dissociation of NaPi-2 from NHERF-1, as recently reported for the response to PTH (44) . The distribution of the scavenger receptor protein megalin, localized to the intermicrovillar cleft, was not significantly altered by HS diet (Fig. 4C) .
Effects of 3-wk HS on density distribution and abundance of AT 2 R and APN. Intrarenal AT 2 R and APN (which degrades ANG III to ANG IV) are both enriched in PT and postulated to play a role in natriuretic responses (5, 21) . We previously demonstrated that APN redistributes to higher densities with ACEI (24) . These findings stimulated us to test whether HS diet changes the subcellular distribution or abundance of PT AT 2 R and APN. As shown in Fig. 7A, 3 -wk HS diet induced a 15% shift of AT 2 R from low-density fractions 1-5 (29% in NS vs. 14% in HS) to higher-density fractions, suggesting that there is a change in the ratio of AT 2 R in different membrane populations during HS. Three-week HS diet also caused a 45% increase in AT 2 R total abundance as summarized in Fig. 7B , mostly in the middle fractions 6 -8. Confocal immunofluorescence analysis was conducted as an independent strategy to evaluate the localization of AT 2 R (Fig. 8) . With NS, AT 2 R is present primarily in the brush border, with less and diffuse staining in the basolateral membrane infoldings (Fig. 8, A and  B) , which is consistent with the previous report that AT 2 R is localized to both apical and basolateral membranes in PT (16).
After 48-h HS, AT 2 R is retracted from the body to the base of the MV, and there is less AT 2 R staining in the basolateral membranes compared with NS (Fig. 8, C and D) . Overall total AT 2 R abundance did not seem to change significantly with 48-h HS (Fig. 8, A and C) . The detailed redistribution pathway of AT 2 R in HS, for example, whether AT 2 R is retracted to subapical vesicles (where it would be inaccessible) or the base of the microvilli (where it could be active), needs to be determined by electron microscopy. Figure 7C shows that HS diet provoked a 15% shift of APN from low-density fractions 1-5 (24% in NS vs. 9% in HS) to higher-density fractions, suggesting that there may be retraction of APN from brush border. HS diet did not cause a significant change in total abundance of APN (Fig. 7D) , suggesting that redistribution may be the major mechanism of regulation of APN by HS diet.
Effects of 3-wk HS on density distribution and abundance of NCC.
We recently provided evidence (37, 38) for redistribution of DCT NCC from plasma membrane to subapical cytoplasmic vesicles by immunoelectron microscopy during high-salt diet and during ACE inhibition coincident with redistribution from low-density to high-density membranes. In the present study we extended the density gradient analysis of NCC during HS vs. NS by combining it with an analysis of abundance, which decreases during HS diet, to determine whether the NCC abundance decreases in enriched plasma membranes, in subapical membranes, or in both pools. Figure 9A illustrates that 3-wk HS provokes a significant shift of NCC from fractions 2-5 (40% in NS vs. 30% in HS) to fractions 7-11 (36% in NS vs. 46% in HS), confirming our previous report. In Fig. 9B , it Fig. 6 . Indirect immunofluorescence microscopy and differential interference contrast (DIC) of myosin VI in the proximal tubules of rats on 3-wk 0.4% NaCl (NS; A-D) or 4% NaCl (HS; E-H). The kidneys were fixed as described in METHODS. Kidneys of each group were sectioned at a thickness of 2 m and placed side by side on the same object glass to guarantee similar treatment when immunostained and therefore a good basis for comparisons. Sections were labeled with polyclonal anti-myosin VI antibody and then Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody. Lowmagnification images from proximal tubules of NS (A)-and HS (E)-fed rats are shown to illustrate overviews. B and F: overlay of immunostaining for myosin VI and DIC on cross sections of proximal tubules in NS and HS, respectively. C, D, G, and H: magnified images from B and F. Same magnification for C, D, G, and H. n ϭ 5/group. In NS-fed rats, myosin VI is distributed over the whole microvilli, while in HS-fed animals myosin VI is moved to the base of the microvilli and the apical cytoplasm.
is evident that NCC abundance decreases significantly in apical plasma membrane-enriched fractions 3-6, and far less above fraction 6. These results indicate that 3-wk HS caused a dramatic fall in NCC in the apical membrane pool, while the intracellular pool size appears more stable. Whether the decrease in NCC at the apical membrane during HS is due to an increased rate of NCC degradation or decreased recruitment to the apical membrane remains to be determined.
Effects of 3-wk HS on density distribution and/or abundance of cortical NKCC2, ENaC-␤, and NKA ␣ 1 -and ␤ 1 -subunits.
The role of NKCC2 in Na ϩ homeostasis has been demonstrated by the genetic disorder Bartter syndrome (39) , but the role of NKCC2 regulation in natriuresis secondary to HS diet is less clear (7, 41) . Studies have demonstrated the importance of trafficking and phosphorylation to the regulation of NKCC2 (13) . We assumed, based on our analyses of PT NHE3 and DCT NCC, that a redistribution of NKCC2 out of the apical membranes would be manifest as a shift to higher-density membranes and aimed to investigate whether there was a change in subcellular distribution or phosphorylation of NKCC2 during HS diet. Since only cortex was fractionated on density gradients, the analyses do not include medullary NKCC2. As shown in Fig. 10A , HS diet provoked a small but significant shift of NKCC2 from fractions 1-6 (51% in NS vs. 42% in HS) to higher-density membranes, notably an increase in the endosomal enriched fraction 10. There was no significant change in either density distribution or abundance of phosphorylated NKCC2 (Fig. 10C) . A caveat in interpretation of these results is that we cannot conclude that the shift of NKCC2 on density gradients represents an internalization of NKCC2 until it is confirmed by immunomicroscopy, although membrane markers suggest that plasma membranes have a lower density than endosomes or lysosomes (45) .
Immunomicroscopy evidence has shown that in CCD cells ENaC-␣ is localized mainly in a zone near the apical membrane, whereas ENaC-␤ and ENaC-␥ are localized in both apical membrane and intracellular vesicles (15), suggesting subunit trafficking as a potential mechanism for the regulation of ENaC. The regulation of ENaC subunits by dietary salt has been widely studied (9, 25, 41) , and this stimulated us to investigate whether HS diet changes the density distribution or abundance. We focused on the density distribution and abundance of ENaC-␤, which provided the most reproducible signal. Three-week HS provoked a small but significant 5% shift of ENaC-␤ from fractions 3-5 to higher-density fractions (Fig. 11A) . These results suggest a change in the ratio of ENaC-␤ between the apical surface and intracellular membranes. The ENaC-␤ abundance of each fraction (normalized to the total protein loaded onto the gradients) was also analyzed in Fig. 11B . There was no change in ENaC-␤ abundance in apical membrane-enriched low-density fractions 3-5 in HS versus NS, but there were significant increases in ENaC-␤ in the intracellular membrane-enriched higher-density fractions. Overall, total ENaC-␤ abundance increased 21% during HS, but the increase was restricted to the intracellular enriched membranes.
Previous studies suggested that salt loading regulates PT NKA by inhibiting its activity and moving the pumps away from the plasma membranes (36) . We aimed to determine whether we could detect a HS diet-induced change in density distribution of renal cortical NKA in this in vivo model. The caveat is that every cell has NKA, including vascular, glomerular, and interstitial cells; however, since NKA activity is very high in PT and along the distal nephron (29) most of the activity will be epithelial in origin. As shown in Fig. 12, A and B, ANOVA analysis indicated that there were significant, albeit small, shifts in both ␣ 1 -and ␤ 1 -subunits, respectively, from plasma membrane-enriched lower-density fractions 1-5 to higher-density fractions. These results support the hypothesis that there may be a redistribution of NKA during HS diet, although we have no further information about destination or cell type involved.
Effects of overnight HS on abundance and density distribution of Na
ϩ transporters and associated proteins. To determine how quickly the responses to HS occur, a group of rats were analyzed after overnight (18 h) HS diet. Basically, we found that the effects of HS on density distribution and abundance of the transporters and associated proteins were complete after 18-h HS. NCC abundance fell 49% compared with NS ( Fig. 13) , and the NHE3, DPPIV, myosin VI, NaPi-2, APN, NKCC2, NCC, and NKA ␤ 1 -subunit redistribution responses were also fully evident just after overnight HS (Fig. 14) . There was no significant difference between data collected after 18 h and data after 3-wk HS diet (Figs. 3, 4 , 7, 9 -12; distribution patterns were compared by ANOVA analysis). These results suggest that the kidney fully activates the molecular machinery to adapt to salt loading by 18 h of HS feeding, likely even quicker.
DISCUSSION
This study aimed to determine the molecular mechanisms responsible for the natriuresis observed after consumption of a HS diet and the time course of the response. Regulation of extracellular Na ϩ balance, critical for extracellular volume and blood pressure regulation, is accomplished mainly by regulation of renal tubule Na ϩ reabsorption. The results demonstrate that 3-wk HS provoked a retraction of PT NHE3 and the molecular motor myosin VI from the top to the base of the MV, along with an increase in NHE3 phosphorylation at serine 552. In addition, HS led to shift of a variable fraction of cortical DPPIV, NaPi-2, NKCC2, NCC, ENaC-␤, NKA ␣ 1 -and ␤ 1 -subunits, AT 2 R, and APN from low-density membrane fractions to higher-density membrane fractions. The responses to HS were complete after 18-h HS. These results indicate that HS depresses Na ϩ transport all along the nephron by changing the abundance as well as the distribution of the Na ϩ transporters and their regulators. The redistribution responses were quite variable, however. The differences between HS and NS at each fraction are plotted in Fig. 15 to illustrate this variability. In the PT, 17% of NHE3 shift from fraction 5 to fractions 6 and 7 and 13% of NaPi-2 shift from fractions 4 and 5 to fraction 6. Further along the nephron the changes are smaller: 5% of NKCC2 shift from fraction 6 to fraction 10, 6% of NCC shift from fractions 3 and 4 to fractions 9 and 10, 4% of ENaC-␤ shift from fractions 4 and 5 to fractions 10 and 11, 3% of NKA ␣ 1 -subunits shift from fraction 3 to fraction 7, and 6% of NKA ␤1-subunits shift from fractions 2 and 3 to fractions 7-9. Although the shifts in density distribution are smaller in distal tubules, we believe that these changes in density gradient distribution may be physiologically relevant. First, the small shifts may reflect a smaller difference in membrane populations in the cell. We have shown directly by immunoelectron microscopy analysis (37) that the small shift in NCC was correlated with a statistically significant redistribution of NCC to subapical vesicles during HS. Immunohistochemistry analysis of other transporters including NKCC2 and ENaC-␤ would be helpful to reveal whether there are analogous changes in their distribution during HS diet. Na ϩ /H ϩ exchange is the major route for apical Na ϩ entry across the PT, and the NHE3 isoform is responsible for virtually all the Na ϩ /H ϩ exchange activity in this region (2, 3). . The kidneys were fixed as described in METHODS. Kidney sections of each group were placed side by side on the same object glass to guarantee similar treatment when immunostained and therefore a good basis for comparisons. Sections were labeled with polyclonal anti-AT2R antibody and then FITCconjugated goat anti-rabbit secondary antibody. Low-magnification images from proximal tubules of NS (A)-and 48-h HS (C)-fed rats are shown to illustrate overviews. High-magnification images from NS and 48-h HS are shown in B and D, respectively. n ϭ 2/group. In NS-fed rats, AT2R is distributed over the whole microvilli, and there is diffuse AT2R located in basolateral membrane infoldings, while in HS-fed animals, AT2R is moved to the base of the microvilli and there is less apparent basolateral AT2R staining. Fig. 9 . NCC density distribution (A) and abundance (B) in rats on 3-wk 0.4% NaCl (n ϭ 5) or 4% NaCl (n ϭ 5). In A, immunoreactivity is expressed as % of the total signal in all 12 fractions. In B, arbitrary density values are normalized to the amount of protein loaded on the gradient and then normalized to fraction 6 of NS within each pair for statistical analyses. Typical immunoblots of NCC from a constant sample volume from each gradient fraction are shown. Values are means Ϯ SD. *P Ͻ 0.05 vs. NS, assessed by ANOVA followed by paired Student's t-test.
The importance of NHE3 in PT reabsorption of Na ϩ , fluid, and HCO 3 Ϫ has been demonstrated in studies using NHE3-knockout mice or NHE3 inhibitors (26, 43) . Whether NHE3 is also regulated by dietary NaCl has been controversial. NHE3 mRNA and abundance were found to increase during volume contraction induced by salt restriction in one study (11) , while other studies reported no change in NHE3 abundance during salt restriction or salt loading (8, 28, 41) . Studies measuring NHE3 activity in brush-border membrane (BBM) vesicle have also been inconclusive, with some showing a decrease in NHE3 activity with a HS diet (31) while others report no change in NHE3 activity with changes in dietary NaCl (8, 17) . There are at least two potential reasons why changes in NHE3 activity were not evident after HS. First, these studies were conducted in isolated BBM vesicles and NHE3 moves to the base of the brush border, i.e., is not internalized, so there may not be a change in the pool size of NHE3 if the entire BBM is studied. Second, it is possible that non-membrane-bound regulatory factors present in vivo are lost during BBM isolation. We also saw no change in abundance of NHE3 in response to HS diet but observed a redistribution of NHE3 from the top to the base of the MV. We did not measure PT Na ϩ reabsorption in this study, but in studies in which we observed analogous redistribution (in response to acute hypertension or ACEI treatment) there was significant decrease in PT reabsorption and increased volume flow out of the PT (24, 45) . Recently, Thomson et al. (42) reported that feeding rats with 1% NaCl in their drinking water for 1 wk increased late proximal flow rate from ϳ14 nl/min to 18 nl/min. They also found that the salt-loaded group had elevated intratubular ANG II levels, which may have had a protective effect to prevent a major rise in late proximal flow rate in response to HS.
Using a phospho-specific anti-NHE3 antibody directed against phosphor-serine 552, we found that HS increased the fraction of NHE3-PS552 in the middensity fractions of the gradient corresponding to the base of the MV domain. This finding is consistent with the work by Kocinsky et al. (20) , who demonstrated that NHE3-PS552 localized to the intermicrovillar coated pits region of the brush border, while total NHE3 was found throughout the BBM. They suggested that NHE3-PS552 plays a role in the redistribution to the base of the MV. Interestingly, phosphorylation of NHE3 at serine 552 by PTH does not directly affect NHE3 activity, even though there is a temporal relationship between phosphorylation and transport inhibition (19) . These authors concluded that PTH-mediated inhibition of NHE3 may depend on factors that may not be present or functional in the MV vesicles used to assay NHE3 activity.
Transporters exist as multiprotein complexes, and these complexes are important in regulating the activity and/or trafficking of these proteins. The present study revealed that the abundant PT brush-border protein DPPIV is also retracted from the body of the MV during HS diet. Girardi and colleagues (14) reported that DPPIV associates with NHE3 in the MV, DPPIV activity increases NHE3 activity, and DPPIV inhibition in vivo decreases the abundance of NHE3 in the apical MV. The inhibitor of DPPIV also provoked a partial movement of DPPIV protein away from the apical MV. In our study, the Fig. 10 . Density distribution of total NKCC2 (A and B) and abundance of phosphorylated NKCC2 (NKCC2-P; C and D) in renal cortex of rats on 3-wk 0.4% NaCl (n ϭ 5) or 4% NaCl (n ϭ 5). In A, NKCC2 immunoreactivity is expressed as % of the total signal in all 12 fractions. In C, arbitrary density values are normalized to the amount of protein loaded on the gradient and then normalized to fraction 6 of NS within each pair for statistical analyses. Typical immunoblots of total NKCC2 (B) and NKCC2-P (D) from a constant sample volume from each gradient fraction are shown. Values are means Ϯ SD. *P Ͻ 0.05 vs. NS, assessed by ANOVA followed by paired Student's t-test. Fig. 11 . Epithelial Na ϩ channel (ENaC) ␤-subunit density distribution (A) and abundance (B) in renal cortex of rats on 3-wk 0.4% NaCl (n ϭ 5) or 4% NaCl (n ϭ 5). In A, immunoreactivity is expressed as % of the total signal in all 12 fractions. In B, arbitrary density values are normalized to the amount of protein loaded on the gradient and then normalized to fraction 6 of NS within each pair for statistical analyses. Typical immunoblots of ENaC-␤ from a constant sample volume from each gradient fraction are shown. Values are means Ϯ SD. *P Ͻ 0.05 vs. NS, assessed by ANOVA followed by paired Student's t-test.
redistribution of DPPIV to the base of the MV could not be confirmed by confocal microscopy, which suggests that only a subset of DPPIV redistributes along with NHE3 to the intermicrovillar region. Taken together, these studies are consistent with the hypothesis that during HS NHE3 is retracted from the apical MV to the base of the MV, where transporters are phosphorylated and form complexes with regulatory proteins that reversibly inactivate transporters and decrease PT Na ϩ reabsorption. An alternative hypothesis is that the "effective" Na ϩ reabsorption area on the apical surface is reduced when most NHE3 moves to the bottom of the MV.
It is well established that brush-border MV are filled with bundled actin filaments, and evidence suggests that NHE3 can be tethered to the actin via the PDZ domain protein NHERF-1 and ezrin (50) . We recently suggested that myosin VI, an unconventional myosin that moves toward the ends of actin pointed toward the center of the cell, could play an active role in moving NHE3 from the body to the base of the MV in the plane of the villar apical membrane. Our quantitative immunoelectron microscopy analysis determined that 50% of the myosin VI was localized to the MV, 30% to the intermicrovillar zone, and 20% to the apical cytoplasmic zone and that there was a significant shift in myosin VI distribution to the base of the MV during acute hypertension (48) . In this study HS diet provoked a chronic redistribution of myosin VI from top of the MV to the base, evident by confocal microscopy as well as density distribution, again supporting the hypothesis that this motor protein is important for the redistribution of NHE3.
HS diet also provoked a redistribution of NaPi-2 to higherdensity membranes. This redistribution was not evident by confocal microscopy, which indicates that there was only a partial redistribution of NaPi-2 out of the MV in response to HS. In comparison, acute hypertension, PTH, or chronic ACEI treatment provoked internalization of NaPi-2 to endosomes and then lysosomes (46, 47) . The results suggest that the signaling machinery activated by HS is distinct from that activated by hypertension, PTH, or ACE inhibition.
Also relevant to the adaptation to HS diet, cortical AT 2 R and APN both redistributed from low-density to higher-density membranes, and an increase in AT 2 R total abundance was observed. Intrarenal AT 2 R is enriched in proximal and distal tubules, where it is reported to antagonize the AT 1 R-mediated pressor effect of ANG II (5). Hakam and Hussain (16) reported that AT 2 R is localized in both apical and basolateral membranes and that AT 2 R is upregulated in obese Zucker rats compared with lean rats and mediates candesartan (an AT 1 R antagonist)-induced natriuresis. Our immunohistochemistry data revealed that apical AT 2 R retracted from the body to the base of the MV in response to HS diet. Interestingly, Ishizaka et al. (18) reported that in response to ANG II stimulation AT 1 R moves to caveolin 1-enriched membrane domain in vascular smooth muscle cells, a response blocked by the AT 1 R antagonist losartan, suggesting that caveola-AT 1 R interaction may be important for AT 1 R signaling. It would be interesting to test whether caveolin is located at the base of the MV in PT and whether caveola-AT 2 R interaction is important for activation of AT 2 R. The increase in total abundance of AT 2 R as well as its retraction to the base of the MV could potentially contribute to natriuresis in response to HS. Padia et al. (34) reported that AT 2 R mediates natriuresis via ANG III, not ANG II, in AT 1 R-blocked rats. ANG III is degraded to ANG IV by APN. Intrarenal inhibition of APN augments natriuretic responses to ANG III in AT 1 R-blocked rats (35) . APN is highly expressed in the brush border of PT cells (22) . Our results of a shift of APN to higher-density membranes suggest that the abundance of APN in the apical plasma membrane is reduced by HS and suggests that less APN activity could lead to more natriuretic peptide ANG III accumulation, which could activate AT 2 R and contribute to HS natriuresis. In contrast, Farjah et al. (10) found that 8% NaCl diet increased APN activity and protein in Sprague-Dawley rats, while we saw no change in APN abundance. Perhaps the difference is due to the 4% salt in our HS diet versus 8% salt in theirs.
This study also provided evidence for redistribution of the Na ϩ transporters beyond the proximal tubule, i.e., from lowerto higher-density membranes on density gradients, including NKCC2, NCC (previously reported), and ENaC-␤. The distal nephron is sensitive to aldosterone, which increases cortical NCC and NKA abundance and induces redistribution of ENaC to apical surface from the intracellular stores in renal connecting tubule and CCD (32) . We determined that 4% HS diet reduced aldosterone to an undetectable level (37) . A lack of aldosterone during HS diet likely contributes to the Na ϩ transporter responses found in this study. Several studies have detected changes in abundance of distal nephron Na ϩ transporters in response to a HS diet, related to our findings: 4-wk 2.59% salt diet decreased NCC and ENaC-␣ abundance and increased ENaC ␤-and ␥-subunits (41), while in a salt repletion study (saline as drinking water for 5 h after salt restriction) all ENaC subunits decreased in abundance (9) . Since the precise protocols differ between these and the present study in terms of timing, percent salt, and preparation studied, it is difficult to predict why the outcomes are not consistent in HS feeding.
Previous studies of the effect of salt intake on NKCC2 abundance have not been consistent: chronic oral saline loading increased NKCC2 abundance (7), while 4-wk 2.59% HS diet did not change abundance (41) . In agreement with the latter study, we did not see an effect of 3-wk 4% HS diet on NKCC2 abundance. Regarding trafficking of NKCC2 in the cell, Ortiz (33), using rat TAL, showed that cAMP acutely increases the surface expression of NKCC2, and Gimenez and Forbush (13) provided evidence in rodents that phosphorylation of NKCC2 by vasopressin increases NKCC2 distribution in the apical membrane. In this study, HS led to removal of total NKCC2 from low-density apical enriched membrane fractions to higher-density fraction 10 (Fig. 10) . The exact destination of the NKCC2 redistribution remains to be determined by immunomicroscopy, but fraction 10 is enriched in endosomal markers, as discussed above. Phosphorylated NKCC2 abundance and distribution did not change significantly during HS, even though it appears that there is an increase in phosphorylated NKCC2 at higher densities during HS.
Loffing et al. (25) found that a 3% salt diet caused a redistribution of ENaC-␤ and ENaC-␥ from apical to intracellular pools, which also reduced ENaC-␣ apical insertion, thus reducing Na ϩ reabsorption via ENaC. Our density gradient results are consistent with movement of ENaC-␤ out of apical membranes to intracellular membranes during HS, although we do not have direct microscopic evidence for internalization of ENaC-␤.
The inhibitory effect of HS on NKA has been studied for decades (1). Periyasamy et al. (36) recently showed that 4% NaCl diet for 1 wk induced a redistribution of NKA from plasma membrane-enriched fractions to endosome-enriched fractions as well as a decrease in PT reabsorption. We also observed a significant, albeit subtle, redistribution of NKA ␣-and ␤-subunits from plasma membrane-enriched low-density fractions to higher-density membranes, suggesting that redistribution of NKA may play a role in the natriuretic response to HS diet. It has proven difficult to actually verify NKA redistribution in the epithelia of the nephron because of the many deep basolateral infoldings.
In conclusion, this study provides evidence that HS diet provokes a retraction of NHE3 from the top to the base of the MV in the PT, and that phosphorylation of NHE3, by an unidentified kinase, is involved in its redistribution to the base of the MV. The coordinated retraction of actin-based motor myosin VI from the top to the base of the MV suggests a functional role for this motor in redistributing the NHE3. On a more general level, the results indicate that HS diet reduces Na ϩ reabsorption by decreasing the abundance of plasma membrane Na ϩ transporters and their associated regulators along the nephron, primarily by redistribution rather than change in total pool size (only NCC abundance is decreased). These responses were fully active after only overnight HS.
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